A novel interferometric method is presented for the measurement of the absolute energy of electron beams. In the year 2016, a pioneering experiment was 
Introduction
During the last years, a new method of decay-pion spectroscopy was pioneered at the Mainz Microtron (MAMI), which has the potential to achieve mass measurements of several light hypernuclei with a precision better than 50 keV/c 2 [1, 2] . Such a high precision is indeed required, e.g., for the determination of the spin dependence of the charge symmetry breaking effect in light hypernuclei [3] . Furthermore, a planned precision measurement of the mass of lightest hypernucleus, composed of a proton, a neutron, and a Λ-particle, will address the so-called hypertriton puzzle [4] . Presently, the largest systematic error in these experiments originated from the uncertainty in the MAMI beam energy affecting the absolute momentum calibration of the spectrometers by δp ≈ ± 100 keV/c, the sum of all other systematic errors contributed one order of magnitude less [2] .
In this work, a novel interferometric method is presented for the measurement of the absolute energy of electron beams in the range of 100 to 200 MeV.
The method is based on the analysis of the intensity oscillation length in the synchrotron spectrum from two collinear sources, thus reducing the energy determination to a relative distance measurement in the decimeter range and the spectroscopy of a narrow optical wavelength band.
The paper is organized as follows. After introducing different methods for the energy determinations at electron accelerators in Section 2, the MAMI accelerator is briefly reviewed in Section 3 with a focus on its energy stability and absolute energy determination. The operating principle of the novel method is presented in Section 4. In Section 5, the experimental setup used for the pioneering experiment at MAMI is described. Images of the synchrotron radiation from different measurements are shown in Section 6. Results from the evaluations of the spectra and the determination of the MAMI beam energy are shown in Section 7. A conclusion follows in Section 8.
Energy determinations at electron accelerators
In storage rings, the beam energy can be measured with a relative uncertainty of few 10 −3 from the integrated dipole field along the ring [5] . At some facilities, e.g., at the VEPP-4M collider at BINP and at the SPEAR3 electron storage ring, more precise determinations have been achieved with the resonant spin depolarization technique. Relative uncertainties for the energy measurement on the order of 10 −5 were realized for VEPP-4M [6] and on the order of 3 × 10 −6 for SPEAR3 [7] . The application of this method is limited to spinpolarized beams in high-energy storage rings and therefore cannot be used at MAMI, in which the beam is passing the accelerator only once.
The Compton backscattering method does not require a polarized beam and can be used in a wide range of beam energies from a few hundred MeV to a few GeV. The relative uncertainty of this method is usually on the order of 10 −4 [5, 8, 9] . In these measurements, beam particles are collided head-on with photons from a laser. The maximum energy E The application of the method to lower beam energies is challenging because of the continuous decrease of the Compton edge with decreasing beam energy:
where E λ is the energy of the laser photon and γ the Lorentz factor of the beam.
When colliding laser photons of 800 nm with an electron beam of 500 MeV, the resulting energy spectrum extends to E max γ ∼ 6 MeV which can be determined with the best possible calorimeters with an uncertainty of a few keV, resulting in a theoretical resolution of a few 10 −4 . For a beam energy of 195 MeV this theoretical best resolution increases to above few 10 −3 . Furthermore, the γ-ray collimation as well as the finite electron beam emittance impacts on the γ-ray spectrum. Under certain beam conditions, the determination of the beam energy from the spectrum is significantly influenced [5] .
To overcome these limitations, a new method is developed for the low energy electron beams at MAMI. Other electron accelerators with beam energies in this regime such as the Mainz Energy Recovering Superconducting Accelerator (MESA), currently under construction, might benefit from this work. MESA will consist of two cryo-modules with an acceleration capacity of 25 MeV each and three recirculation arcs for a maximum beam energy of 155 MeV. The MESA beam energy will be stabilized using the return arc with maximum longitudinal dispersion and two beam phase cavity monitors. Because of high demands from the experiments, among them the detection of order 10 −8 parity-violating cross section asymmetries in electron scattering, the beam energy fluctuations need to be minimized to unprecedented low levels and the absolute beam energy needs to be determined with high precision.
The MAMI electron accelerator
MAMI is a multi-stage accelerator based on normal conducting radio-frequency (rf) cavities that can deliver a continuous-wave (cw) electron beam [11] [12] [13] .
Electrons are drawn from the source with a static high voltage of 100 kV and are further accelerated by an injector linear accelerator (linac) to an energy of An excellent energy stability with a very small drift over time of less than 1 keV has been realized by a combination of two digital feedback loops [14] . A fast loop eliminates output energy deviations by acting on the rf phase using the time-of-flight dependence of bunches from the last return path to the extraction beam line. A slow loop stabilizes the measured tune of the RTM3 by small changes of the linac amplitude. [15] The absolute beam energy can be measured using magnetic spectrometry 
Interferometry of synchrotron radiation
The method is based on interferometry with two spatial separated light sources driven by relativistic electrons [17] [18] [19] . The basic idea will be explained by means of the schematic drawing shown in Fig 
which is a linear function in d. Details on the superposition of the two wave trains are given in [17] . The slope is only dependent on the Lorentz factor γ 
A monochromator can serve as a Fourier analyzer of the wave trains. If both wave trains interfere in a position sensitive detector and d is varied by moving one of the sources, then the revolving phase φ(θ, d) can be observed as intensity oscillations with oscillation length λ osc = 2γ 2 λ rad (1+γ 2 θ 2 ) −1 . For a wavelength λ rad selected by the monochromator and on-axis observation at θ = 0, the oscillation length directly relates to the Lorentz factor γ,
which was first pointed out in [18] . Both λ osc as well as λ rad can be measured with very high precision. The method is independent of the nature of the emission process, provided that the produced light is coherent. undulator period given by this geometry was λ U = 80 mm. A coordinate system was used in which z is in beam direction, y is in anti-gravity direction, and x in transverse direction.
Experimental setup

Undulator pair
To realize beam energy measurements in the range of 100 to 200 MeV with synchrotron radiation interferometry, an undulator pair with an undulator pa- A welded steel construction supported the setup.
Undulator fields
To minimize systematic uncertainties in the beam energy measurements, the beam inside of the two undulators should follow identical trajectories and the light emission cones from the undulators should be on-axis. The beam deflection angle is proportional to the integral along the z-direction over the magnetic field projected on the beam momentum:
The second integral over the vertical magnetic field component determines the spatial offset of the beam in horizontal direction:
A Hall probe [20] was moved along the beam axis to generate a linear map of the magnetic fields. 
Optical interferometer system
The synchrotron light was observed with an optical interferometer system based on a Czerny Turner monochromator of type HR 640 from Jobin Yvon [21] at a distance L ≈ 10 m from the undulators. A schematic drawing of the spectrometer is shown in Fig. 6 monochromator, optical light sources with well known spectral lines were used.
For the spectral range from 396 to 410 nm, the two Hg lines at 404.6565 nm and 407.7837 nm (δλ ≈ 10 −4 nm) [22] of a mercury vapor lamp were best suited and the systematic errors from the absolute spectral calibration were negligible.
CCD camera
A camera of type avA2300-25gm from Basler [23] with a charged-coupled device (CCD) image sensor of 2 328 × 1 750 pixels (px) from Kodak [24] was used as optical detector in the interferometer system. It can deliver 26 frames per second with 4 megapixels per frame. This camera was chosen for its high quantum efficiency η > 30 % at 400 nm in the short wavelength band. Its pixel size of 5.5 × 5.5 µm 2 matched the spectrometer resolution. The movement of the undulator was synchronized with the image taking of the camera so that each image corresponded to a fixed distance between the undulators. Fig. 7 shows a schematic drawing of the CCD setup. The chip size in the horizontal direction could fully be used in the focal plane of the spectrometer.
In the vertical direction, the light cone leaving the spectrometer was projected onto 80 pixels. In the measurements that used a grating, the high dispersion and the limited acceptance led to a light intensity not exceeding a few thousand photons per second and pixel for electron beam currents of I beam ≈ 1 µA.
Typical exposure times were 2.5 s long, which is the maximum exposure time for this camera. Four pixels in the vertical direction were binned together to compensate for the low light intensity. Further minimization of the relative counting error was achieved by averaging 5 consecutive images. Each image has been taken with a gain setting of 600 using the full ADC depth of 12 bit and has been stored in a 16 bit image file.
Synchrotron radiation measurements at MAMI
The two undulators were used as synchrotron radiation sources at MAMI 4π µm mrad and y = 1π µm mrad, respectively [15] . In addition, the coherence decreases with non-vanishing observation angles θ x,y . The conditions to be satisfied in order to avoid a decrease of on-axis coherence C larger than 1/ √ 2 for a selected wavelength λ and distance L between detector and undulators are [17] :
For a wavelength λ = 400 nm, a distance L = 10 m and the given emittances, Based on the least squares method, the free parameters intensity I 0 , oscillation length λ osc , oscillation phase φ osc , and intensity offset I offset were determined by a fit of the data to the following function: of one oscillation length were observed. These systematic variations decreased rapidly when the fit interval was increased. For the final data set, the residua between the fit function and data points followed a normal distribution with a width of σ = 0.08.
Determination of MAMI beam energies
A Monte Carlo simulation for the light intensity as a function of d was performed using a sine function with the nominal value for the oscillation length.
The simulated data followed a normal distribution with respect to the sine function for intensities above 10 % of the maximum intensity and a Poissonian The relative uncertainties in the Lorentz factor γ of the beam were given by
and were dominated by the uncertainty of the horizontal angle between the electron beam and the observation axis of the synchrotron radiation, that enters into the uncertainty of the oscillation length:
(10) Figure 14 shows the relative uncertainty as a function of the uncertainty on the observation angle δθ for the two types of monochromators used in the beamtimes. For an angular uncertainty of δθ x ≈ 0.15 mrad, the resulting systematic uncertainty is δγ (sys.) = ± 1.3. The uncertainty from the spectral calibration over the full width of the focal plane led to a systematic uncertainty of at least one order of magnitude smaller. Since the statistical noise of the CCD increased with intensity, the oscillation curves showed larger fluctuations near the maximum positions as compared to the minimum positions. The interference observable was calculated as the arithmetic mean over all wavelength bands in the spectrum so that the statistical error of a single measurement was reduced by a factor √ 2 328 and became negligible compared to systematic effects. 
Summary and conclusions
Relativistic electrons deflected by two identical magnetic sections generate interfering synchrotron radiation that can be used for the precise diagnostics of the electron beam energy when the distance between the sources is varied.
A pioneering experiment has been carried out at MAMI to demonstrate this 
